Abstract. The long non-coding RNA HOX transcript antisense RNA (HOTAIR) plays a key role in the progression of various carcinomas. However, whether or not HOTAIR influences glucose metabolism and the specific underlying mechanism in hepatocellular carcinoma (HCC) cells remain unclear. In the present study, we found markedly increased HOTAIR expression in 84 HCC tissues and demonstrated that HOTAIR overexpression promoted cell proliferation using Cell Counting Kit-8. The effect on glucose metabolism regulated by HOTAIR in HCC cells was determined by detecting lactate and glucose levels: HOTAIR promoted glycolysis by upregulating glucose transporter isoform 1 (GLUT1) and activating mammalian target of rapamycin (mTOR) signaling, whereas knockdown of HOTAIR suppressed this effect. Our research reveals a novel relationship between HOTAIR and glucose metabolism in HCC cells, and it may be a therapeutic target for diagnosing and treating HCC.
Introduction
Compared with normal cells, the majority of cancer cells generally rely on aerobic glycolysis, known as the Warburg effect, to produce the energy required for cellular processes rather than mitochondrial oxidative phosphorylation, which is more efficient, even in the availability of oxygen (1) . The reprogramming of glycometabolism not only allows the high energy demand of cancer cells to be met under hypoxic conditions, but also provides substrates for rapid synthesis of nucleotides and lipids, thereby conferring a growth advantage to cancer cells (2) . Recently, the Warburg effect, or cellular energy metabolism reprogramming, was considered a new cancer biomarker (3) .
MicroRNAs (miRNAs) have a crucial role in aerobic glycolysis (4) . miRNAs are naturally occurring, 22-nucleotide small non-coding RNA (ncRNA) molecules (5) . Recently, it was demonstrated that miR-143 has an important role in regulating glycolysis in cancer and in cancer cell proliferation; further study showed that, in lung cancer, miR-143 reduced hexokinase 2 (HK2) protein expression by targeting the mammalian target of rapamycin (mTOR) pathway (6) . Another study indicated that inhibition of miR-199a, miR-138, miR-150 and miR-532-5p expression in renal cell carcinoma increased the expression of glucose transporter isoform 1 (GLUT1); conversely, increasing miR-130b, miR-19a, miR-19b and miR-301a expression downregulated GLUT1 (7) . These findings demonstrate that ncRNAs may be essential regulators of aerobic glycolysis in cancer. Another indispensable ncRNA class, long ncRNAs (lncRNA) are composed of more than 200 nucleotides. To date, more than 10,000 lncRNAs have been found in the human genome (8) . Several studies have found that lncRNAs can be carcinogenic or cancer-suppressor genes (9) . The expression of genes involved in tumors by the comparison of tumor and normal cells has revealed abnormal lncRNA expression in different types of tumors. In addition to studies on phenotype, some in-depth studies have reported on the mechanism of lncRNAs in tumors (10, 11) . For example, lncRNAs correlate with tumor cell apoptosis, metastasis, drug resistance and autophagy (12 (14) . HOTAIR is expressed in various tumors, such as liver cancer and breast cancer, and high HOTAIR expression and poor prognosis are closely related (15, 16) . HOTAIR expression levels were significantly positively correlated with hepatocellular carcinoma (HCC) recurrence and metastasis and with the overall survival time of patients with HCC (17) . Silencing of HOTAIR expression was found to activate tumor necrosis factor (TNF)-α-induced apoptosis, significantly decrease hepatoma cell proliferation and distant invasion ability, and also improve cancer cell sensitivity to doxorubicin and cisplatin (18) . These findings suggest that HOTAIR upregulation is closely related to HCC development, metastasis, recurrence and drug resistance. Anaerobic glycolysis provides indispensable material and energy in HCC development and metastasis. Altogether, this suggests that HOTAIR may be a key role player in HCC glucose metabolism. However, the specific relationship between HOTAIR and glucose metabolism is unclear.
In the present study, we found that HOTAIR promotes HCC cell consumption of glucose and production of lactate. HOTAIR is involved in glucose metabolic processes that are essential to our understanding of tumor progression. However, the mechanism by which HOTAIR directly regulates glycolysis has not been proven. Therefore, we researched the potential mechanism of HOTAIR-mediated metabolic transformation in HCC cells.
Materials and methods
Clinical samples. From July 2012 to November 2014, 84 HCC and paired adjacent normal tissues were obtained from patients undergoing surgical hepatectomy at the Shengjing Hospital of China Medical University and who were pathologically diagnosed with HCC. None of the patients received chemotherapy or radiation therapy, preoperatively. The Shengjing Hospital ethics Committee approved the present study; we obtained informed consent from all patients.
Cell lines and culture. HepG2, SMMC-7721, Hep3b, Huh7, and bel-7402 cells, and the normal liver Chang cell line were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). All cells were cultured with Dulbecco's modified eagle's medium that contained 2 mM L-glutamine, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, and 10% fetal bovine serum in 5% CO 2 and 95% O 2 at 37̊C.
Lactate and glucose level measurement. Lactate and glucose levels were detected using Lactate Assay Kit II and High Sensitivity Glucose Assay kit, respectively. The two kits are purchased from Sigma-Aldrich, Shanghai, China.
Cell Counting Kit-8 (CCK-8).
CCK-8 (beyotime) was used to detect cell proliferation. Cells (5x10 3 cells/ml) were seeded in 96-well plates, incubated in 5% CO 2 overnight at 37̊C, and then incubated for 1 h with 10 µl CCK-8 reagent. We measured the CCK-8 absorption values (A) at 450 nm using a microplate reader to determine the rate of cell growth.
Western blotting. Western blot assays were performed as previously described (12) . Anti-GLUT1 and anti-phosphorylated (p)-mTOR rabbit monoclonal antibody and anti-immunoglobulin (Ig)G rabbit monoclonal antibody were purchased from ProteinTech Group (Chicago, IL, USA). We purchased horseradish peroxidase-linked secondary antibodies from Cell Signaling Technology (Shanghai, China). Anti-β-actin was purchased from TransGen biotech (beijing, China).
Real-time PCR. Isolation of total RNA, reverse transcription of RNA, and quantitative real-time PCR were performed as previously described (12) using the following forward and reverse primers: HOTAIR, 5'-CAGTGGGGAACTCT GACTCG-3' and 5'-GTGCCTGGTGCTCTCTTACC-3'; GLU T1, 5'-T TAT TG CCCAG GTGT TCG G C-3' a nd 5'-GTAGCAGGGCTGGGATGAAG-3'; 18S, 5'-GGAGCGAG ATCCCTCCAAAAT-3' and 5'-GGCTGTTGTCATACTTCTC ATGG-3'.
RNA binding protein immunoprecipitation (RIP).
A RIP kit was purchased from Millipore (bedford, MA, USA); the RIP assays were performed according to the manufacturer's protocol. The negative control and positive control were normal rabbit IgG and GLUT1, respectively. The co-precipitated RNAs were determined by quantitative reverse transcription-PCR (qRT-PCR).
HOTAIR small interfering RNA (siRNA) vector construction and transfection. We purchased plasmids that contained HOTAI R complementa r y dNA (cdNA), HOTAI R siRNA (si-HOTAIR) and control siRNA from GeneChem (Shanghai, China), and transfected them into cells using Lipofectamine 2000 according to the manufacturer's instructions.
Statistical analysis. We analyzed the data using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). data are presented as the mean ± standard deviation (SD). The Student's t-test or analysis of variance was used for the statistical analyses. P<0.05 was considered statistically significant.
Results

HOTAIR expression is high in HCC cells and tissues.
Real-time PCR was used to investigate HOTAIR expression levels in HCC tissues: HOTAIR expression in the tumor samples was significantly upregulated as compared to the normal tissue samples (P<0.01; Fig. 1A ), and HOTAIR expression was higher in 57 of the 84 HCC tissues (Fig. 1b) . We also detected HOTAIR expression levels in HepG2, bel-7402, Huh7, Hep3b and SMMC-7721 cell lines and in Chang cells. Real-time PCR confirmed HOTAIR upregulation in all HCC cell lines except Hep3b cells (Fig. 1C) . Accordingly, we used Hep3b and HepG2 cells in the present study. measured using real-time PCR to evaluate transfection efficiency ( Fig. 2A and b) . CCK-8 assay showed that HOTAIR overexpression significantly promoted Hep3b cell growth as compared with the vector control (Fig. 2C) . HCC cell proliferation was decreased following HOTAIR knockdown (Fig. 2d) .
HOTAIR overexpression promotes in vitro proliferation
HOTAIR promotes glycolysis in HCC cells.
Cancer cells usually utilize energy metabolism, such as glycolysis, to survive and proliferate. Therefore, we aimed to ascertain whether HOTAIR promotes cancer cell glycolysis. We first examined the effect of HOTAIR on HCC cell glucose metabolism. HOTAIR overexpression significantly increased Hep3b cell glucose consumption and lactate production rates ( Fig. 3A and b) , while HOTAIR knockdown in HepG2 cells significantly decreased glucose consumption and lactate production ( Fig. 3C and D) . The findings indicate that HOTAIR promotes glycolysis in HCC cells.
HOTAIR upregulates GLUT1 to promote glycolysis. Aerobic glycolysis involves numerous enzymes. To elucidate the potential HOTAIR regulatory mechanism of HCC cell glycolysis, we investigated the expression levels of key enzymes following HOTAIR upregulation. Real-time PCR showed that HOTAIR significantly upregulated GLUT1 mRNA levels (Fig. 4A) . Western blotting showed that HOTAIR enhanced GLUT1 protein expression, while HOTAIR knockdown significantly reduced GLUT1 protein levels (Fig. 4b) . In addition, GLUT1 knockdown significantly decreased the effect of HOTAIR on the consumption of glucose and production of lactate (Fig. 4C) .
These results indicate that HOTAIR regulates glycolysis via GLUT1.
HOTAIR promotes HCC cell glycolysis partly by inducing GLUT1 expression by upregulating mTOR and by binding GLUT1 directly.
The role of mTOR in the regulation of cell metabolism is crucial. Accordingly, we detected mTOR protein expression using western blotting. There was a positive relation between mTOR phosphorylation and HOTAIR in HCC cells ( Fig. 5A and b) , and rapamycin reduced GLUT1 mRNA levels (Fig. 5C ). We also found that rapamycin significantly decreased the glucose consumption and lactate production rates ( Fig. 5D and e) . Furthermore, lncRNA can also bind proteins directly, thus we used RIP to detect the interaction between HOTAIR and GLUT1, and HOTAIR bound with GLUT1 directly (Fig. 5F ). Taken together, the results suggest that HOTAIR promotes HCC cell glycolysis partly by inducing GLUT1 expression by upregulating mTOR, and by binding with GLUT1 directly.
Discussion
Previously, ncRNAs were considered transcriptional noise since they did not encode proteins. However, completion of the Human Genome Project has changed this viewpoint (19) . An increasing number of studies have confirmed that ncRNAs play an important regulatory role in many cellular activities and human disease, including cancer (20) . In recent years, it has been reported that many lncRNAs influence the malignant biological behavior in tumor development, such as proliferation, apoptosis, invasion and metastasis (21) (22) (23) . More attention has been focused on the role of lncRNAs in cancer cell development; however, the relationship between lncRNAs and cancer cell glucose metabolism remains unclear. An increasing number of studies suggest that altered metabolism is important in supporting cancer cell proliferation (24) . In the present study, we demonstrated that HOTAIR is essential for accelerating glycolysis in HCC cells, which supplements the function of HOTAIR in tumor cell development. Rinn et al first described HOTAIR as a spliced, polyadenylated ncRNA containing 2,158 nucleotides and 6 exons (25). Transcription of the HOXC gene antisense strand, situated between HOXC11 and HOXC12 on chromosome 12q13.13, yields HOTAIR. HOTAIR interacts with polycomb repressive complex 2 (PRC2), which is necessary for PRC2 occupancy and histone H3 lysine 27 trimethylation (26) . As an oncogenic factor, HOTAIR has been detected with deregulation in many cancers, such as breast and gastric cancer (27, 28) . In the present study, 57 tumor samples (57/84, 68%) had higher HOTAIR expression than the matched adjacent normal tissue, which is consistent with other results on HOTAIR gene expression in HCC (18) . In addition, numerous studies have focused on the effect of HOTAIR on HCC development, a complex process associated with malignant biology. Gao et al found that HOTAIR promotes cell proliferation and invasion partly by regulating the Wnt/β-catenin signaling pathway (29) . ding et al demonstrated that HOTAIR increases HCC cell aggression and invasion by suppressing RbM38 expression, which plays a role in regulating cell motility (30) . Recently, emerging evidence has demonstrated that HOTAIR mediates hepatocarcinogenesis by decreasing miR-128 expression, and then activating P14 and P16 signaling, functioning as a competitive endogenous RNA (ceRNA) (31) . Previously, our research indicated that HOTAIR promotes autophagy activation in HCC cells by upregulating the expression of ATG3 and ATG7, autophagyrelated genes, highlighting the novel role of HOTAIR in HCC cell progression (12) . However, an increasing number of studies have focused on the mechanisms of HOTAIR regulation in cancer cells, but it is still limited to research on the relationship between metabolism reprogramming in cancer cells and HOTAIR.
It was recently suggested that the lncRNA CRNdE, controlled by insulin/insulin-like growth factor (IGF) signaling, promotes cellular metabolism in a pattern that suggests the Warburg effect (32). The lncRNA UCA1 promotes glycolysis by upregulating HK2 via the mTORsignal transducer and activator of transcription (STAT)3/ miR-143 pathway (33) . However, whether HOTAIR regulates HCC cell glucose metabolism remains unknown. In the present study, we confirmed that HOTAIR promotes glycolysis significantly in HCC cells, indicating that HOTAIR is involved in the metabolic regulatory process in cancer. As lncRNAs mainly function as key regulators of gene expression, we used qRT-PCR to screen a series of genes related to glucose metabolism in cells overexpressing HOTAIR as compared with negative control cells. HOTAIR upregulated GLUT1 most obviously at both the mRNA and protein levels. GLUT1 is an important rate-limiting factor in glucose transport and metabolism in cancer cells (34) . Amann et al found significantly higher GLUT1 expression in HCC tissues which functionally affected HCC cell proliferation and invasiveness (35) . Mechanistically, we showed that HOTAIR increased GLUT1 expression by upregulating mTOR and by binding GLUT1 directly. lncRNAs, such as H19 and Linc00152, are gene enhancers by direct binding with proteins (36, 37) . Therefore, the present study reveals a novel HOTAIR/mTOR/ GLUT1 axis linking HOTAIR and glucose metabolism in HCC cells.
To summarize, HOTAIR is increased in HCC tissues and promotes cell proliferation by regulating glucose metabolism via the activation of mTOR signaling. The identification of GLUT1 as a HOTAIR-regulated gene provides a potential link between HOTAIR and cancer metabolism. However, additional mechanisms underlying the regulation between HOTAIR and metabolism warrant further exploration. The present study identifies a potential target for developing HCC therapeutic strategies.
